The plastid genome of higher plants includes about 120 genes. We adopted genomic array technologies to the tobacco plastid genome. A microarray was constructed, consisting of 220 DNA fragments that cover the whole genome sequence. Each DNA fragment corresponds to a single known gene or an intergenic region. We evaluated reliability of this microarray by comparing the plastid RNA level in light-or dark-grown tobacco seedlings. The transcripts encoding photosynthetic subunits increased significantly in light-grown tissues as expected. Furthermore, we found unexpected signals in several intergenic regions, suggesting the existence of novel transcripts in tobacco plastids.
The plastid DNA in land plants contains over 120 genes which encode tRNAs, rRNAs and proteins (Sugiura 1992 , Wakasugi et al. 2001 . Many plastid genes are organized as polycistronic units, which are generally conserved among land plant species. The organization of genes encoding proteins with related functions into single transcription units facilitates the coordinated production of subunits for single protein complexes and/or allows groups of related genes to be co-regulated. However, plastid genes for different functions are not exclusively segregated on the genome. Many plastid operons are composed of multiple transcription units, and extensive RNA processing of primary transcripts is often observed (Barkan 1988, Westhoff and Herrmann 1988) . Thus, the gene expression in plastids is regulated at multiple levels, transcription, RNA processing, RNA degradation and translation in response to the environmental and developmental cues (Barkan and Goldschmidt-Clermont 2000, Monde et al. 2000) . Such control is often superimposed on changes of the steady-state mRNA levels over longer periods. It has been reported that the steadystate mRNA levels of plastid-encoded genes vary over 1,000-fold in abundance (Rapp et al. 1992 ). In addition, 30-fold variation in predicted mRNA stability has been observed, which further increases the dynamic range of plastid mRNA abundance (Rapp et al. 1992) .
Large-scale analysis of gene transcription bridges the gap between sequence information and functional genomics (Kehoe et al. 1999) . The level of transcripts can be studied by hybridizing a labeled, reverse-transcribed mRNA population to DNA fragments spotted on solid carriers. Such DNA fragments can be cDNAs, genomic clones or oligonucleotides, so that corresponding arrays can be generated depending on the intended application (Schaffer et al. 2000) . Recently, the array-based assay was applied to study the transcription rates and transcript levels of all known genes in the tobacco and Chlamydomonas plastid genomes (Legen et al. 2002 , Lilly et al. 2002 .
We utilized the whole sequence of tobacco (Nicotiana tabacum var. Bright Yellow 4) plastid DNA for the construction of a DNA microarray , Wakasugi et al. 1998 . To design microarray, one segment of the inverted repeat (IR A ) was disregarded due to the identical sequence with another segment, IR B . The whole plastid DNA sequence was in principle segmented into single protein-and stable RNAcoding regions (Fig. 1) . The hypothetical chloroplast reading frames (ycfs) and unique open reading frames (ORFs) having more than 70 codons were considered as protein-coding regions. The lengths of fragments were from 100 to 2,000 nt. Thus, long genes, for example rpoC2, were divided into several fragments, and short genes/spacers were cleaved at the intergenic regions. Overlapping genes were divided at the middle of the overlapping region. When the transcription initiation and termination sites have been reported, DNA fragments contained 5¢ and 3¢ untranslated regions as well as the coding regions. Similarly, when processing sites of pre-RNAs have been reported, fragments were cut at these sites. In addition, fragments for only introns were constructed. Consequently, the whole sequence of the tobacco plastid genome was covered by 195 DNA fragments. Additional 25 fragments were prepared Fig. 2 ). The DNA fragments designed as above were PCR amplified from plasmid DNAs in our tobacco chloroplast genome clone bank (Sugiura et al. 1986) . A large amount of DNA fragments is indispensable for preparation of microarray slide glasses. The simple amplification using a d(T) primer cannot be applied to plastid DNAs, because transcripts have no eukaryotic poly(A) tails. Therefore, we designed 428 specific oligonucleotide primers to amplify 220 DNA fragments. A universal sequence (GCT-GTCGCCGTACTCGT) was attached to the 5¢ end of forward primers and another universal sequence (GATGTAGGTC-CCCGTCG) to that of reverse primers (Fig. 1 ). These extensions which have no similarity to the genome sequence can be applied for high-through-put amplification of all DNA fragments using the two universal primers. The amplified DNA fragments were gel-purified, and further subjected to PCR 5¢ and 3¢ ends and length (no extension included) are shown based on Wakasugi et al. (1998) . (c), "ex", and "int" indicate genes on the complementary strand, exon and intron, respectively. Detailed information is available on the web (http://www.nsc.nagoya-cu.ac.jp/~sugiura/array.htm). reactions to obtain sufficient amounts of the fragments. The DNA fragment was purified by QIAquick PCR purification kit (QIAGEN). The 2 mM DNA was mixed with an equal volume of Micro Spotting Solution (Bio Medical Equipment). Then, the DNA mixture was spotted (26 dots ´9 lanes) onto Carbostation slide-glass (Nisshinbo, 7.6´2.6 cm) by an Omni Grid microarrayer (GeneMachines).
In microarray analysis, the RNA accumulation level can be assessed by using several types of hybridization probes: direct conjugation of a fluorescent dye on the 5¢ or 3¢ end of extracted RNA, and cDNA probes generated with reverse transcription (Rosenow et al. 2001) . Though end-labeled RNA can be expected quantitative hybridization signals corresponding to the amount of RNA molecules in the organism, the RNA probe may be degraded during manipulation. On the other hand, cDNA probes have a weakness for quantitative analysis due to uneven reverse transcription. However, the cDNA can be further amplified by PCR, which could be useful to detect minor RNA species. Thus, reverse transcription was selected for generation of hybridization probes in this study. The cDNA probe can be prepared by either random hexanucleotides or a mixture of 428 fragment-specific primers used for the microarray. The cDNA probes made by the two methods using in vitro transcribed psbA mRNAs as template, gave specific hybridization signals on the position of psbA. However, the signal intensity of the cDNA with specific primers was about 5-fold higher than that with random primer, indicating that gene-specific primers are better for the cDNA probe preparation (data not shown).
As an example of the applications of our microarray, we analyzed the accumulation level of plastid RNAs in light-or dark-grown tobacco seedlings. The total RNA was extracted from seedlings after 8 h illumination, that were grown for 7 d in a 16 h white light and 8 h dark cycle, or seedlings that were grown in continuous darkness for 7 d. Probing of microarray was performed as described in the Altas Glass Fluorescent Labeling Kit User Manual (Clontech). Briefly, a mixture of primers for the microarray construction (the 428 primers of 1 pmol each) and 20 mg of the RNA were used for probe synthesis, which was labeled with amino allyl-dUTP. A fluorescent dye of Cy3 and Cy5 mono-activated Dye (Pharmacia Biosciences) was coupled, post-transcriptionally, with the cDNA for the dark-and light-grown tissues, respectively. The fluorescent-coupled cDNA was purified by passage over Atlas Nucleo Spin Extraction kit (Clontech). Hybridization was performed by the "cover slip procedure" in the presence of competitor DNA (100 mg ml -1 salmon sperm DNA) at 65°C for 12 h. After washing the slide glass, the fluorescent images were visualized and analyzed by GenePix 4000 and the accompanied software (Axon Instruments, Inc.). The experiments were carried out twice with principally same results. As shown in Fig. 3 , 194 signals were detected out of the 220 DNA fragments in the microarray (88%). The reliability of the signal intensity was assessed by comparison with (i) the back ground level, (ii) the intensity at vicinity of the spot, and (iii) the signal intensity of negative control spots (pBluescript DNA and a luciferase gene). Twenty-six negative signals were obtained; three photosynthetic genes (No. 97, psbJ&orf99; 324, psbL; 325, psbF) , eight stable RNA genes (No. 45, trnD; 46, trnY; 68, trnS(GGA) ; 72, trnT(UGU); 155, trnV(GAC); 164, rrn5; 166, trnR; 174, sprA), two genetic system genes (No. 29, rps2; 125, rpl36) , two ORF/ ycf (No. 144, orf92&orf115; 306, ycf3 second intron) and 11 non-coding regions (No. 48, 71, 157, 165, 167, 169, 175, 178, 183, 185, 192) . The negative signals were mostly from tRNA or intergenic regions (Table 2 , see web site http://www.nsc. nagoya-cu.ac.jp/~sugiura/array.htm). The tight tertiary structure of mature tRNA is likely to impair reverse transcription and many intergenic regions are not actually transcribed. The positive signals from the genes encoding components of the photosynthetic apparatus increased greatly in light-grown tissues, indicating reasonable detection of RNA levels by our microarray. As shown in Table 2 , 33% (14/42) of the photosynthetic genes displayed a 5-fold greater signal in light-grown tissues than that in dark-grown tissues. Alternatively, 60% (25/42) of the DNA fragment derived from photosynthetic genes showed at least double enhancement in light-grown tissues.
Interestingly, high signals and light/dark fluctuation were detected in several intergenic regions, e.g. No. 27, 58 and 88 (Fig. 3) . A non-coding RNA was first reported in tobacco chloroplasts among land plants (sprA) (Vera and Sugiura 1994) . Recently, non-coding RNAs have been found in many organisms, and emerging their roles (Lai 2002 , Reinhart et al. 2002 , Wassarman 2002 . Stable non-coding RNAs were also identified in Arabidopsis and some were encoded in the chloroplast Fig. 1 Preparation of DNA fragments for a tobacco chloroplast DNA microarray. Each DNA fragment (double line) was amplified from a cloned tobacco chloroplast DNA by PCR using a pair of primers containing genomic sequences (arrow, approximately 25 nt) with 17 nt universal sequences at the 5¢ genomic sequences (dashed or grey box). Where the transcription initiation (TI), processing (P) or transcription termination (TT) site has been reported, the fragment was cut at that site. Overlapping genes were divided at the middle of the overlapping region (OL). Fig. 2 Schematic representation of spotted DNA fragments (grey boxes) above the linealized tobacco chloroplast gene map , Wakasugi et al. 1998 chromosome (Marker et al. 2002) . These RNAs are encoded at a part of protein-coding region, intergenic regions or intron sequence. The genomic loci of these non-coding RNAs are coincident with our "unexpected" signals. For example, the Ath-230 and -328 is positioned at the number 76 and 88, respectively, in this work (Marker et al. 2002) . Both signals ratios are significantly high as compared with those at neighboring spots, suggesting these unexpected signals are due to independent transcripts. Inconsistent signal intensity ratios of the fragments for rpoB (No. 36 and 37) and rrn23 (No. 160 and 161) genes have also been observed. This may be due to the processing and/or degradation of intermediates, or novel transcripts from the opposite strands. Further analyses of transcripts from these regions are in process.
It is well known that the plastid in higher plants has very a 
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The ratio "X" of signal intensity in each spot. Red as signal intensity ratio of light/dark being more than 5 (³5), pink as that between 2 and 5 (5<X£2), empty as that between 0.5 and 2 (2<X<0.5), light blue as that between 0.2 and 0.5 (0.5£X<0.2), or dark blue as that less than 0.2 (£0.2) with grey as that under detection limit. The actual value of hybridization signals can be obtained from the web (http://www.nsc.nagoya-cu.ac.jp/~sugiura/array.htm).
conserved genome organization (Wakasugi et al. 2001 ). Therefore, our microarray will also be useful for initial screening to assay plastid RNA levels in different higher plant species. The most characteristic feature of this array is to cover not only known genes but also intergenic regions which could find novel transcripts, e.g. non-coding RNA genes such as sprA (Vera and Sugiura 1994, Sugita et al. 1997 ).
